Introduction
Dual-phase (DP) steel is one of the advanced high strength steels, having high strength, working hardening rate and strain energy absorbing, excellent forming characteristics and low yield rate. [1] [2] [3] It attracts automakers' attention and is widely used to manufacture vehicle structural parts. In order to improve the vehicles' safety performance, these parts are designed with multi-materials and structures, which bring new challenges for the weldability of DP steel. 4) The thickness, microstructure, mechanical properties and process of base metals are different and the distribution of electricity, heat and stress are changing in the welding, which make the dissimilar thickness dual-phase steel welding more complex.
Resistance spot welding (RSW) is a very important joining technique and widely used in automotive industry, especially in the mass production of automobiles' lightweight body shells. Adequate chemical compositions, galvanized coating and complex product process of dual-phase steel result in the accelerated degradation of electrodes, the narrow weldability lobe, high sensitivity of expulsion and welding imperfections during RSW. 5, 6) DP steel consists of a ferrite matrix and about 5-30% martensite, while the fusion zone of DP600 steel spot-welded joints is nearly fully coarse lath martensite. 6, 7) The reason is that the inherit extreme cooling rate of RSW is much higher than that of
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forming martensite. 8) The fully martensitic microstructure leads to higher hardness in the fusion zone than HAZ and base metals. 9, 10) There are softening regions in the HAZ and the degree of softening depends on the volume fraction of martensite in the base metals. Hernandez et al. 11) studied the tempered region of a dual phase steel with nanoindentation hardness, and found that the decomposed martensite was the major contributor to "measured" softening at the microscale. The existence of these softening regions affects the failure location during the tensile shear test, and one of the important characteristics is the crack initiation location of the welded joints. 12, 13) The performance of vehicle structures depends partly on the quality of welds, and nugget diameter has the most important influence on the fracture behavior of spot-welded joints. A small nugget often results in interfacial failure (IF) mode while a large weld nugget normally leads to pullout failure (PF). The weld nugget diameter guidance of 5 t can produce pullout failure mode for advanced high strength steels. 14, 15) The current work investigated the microstructure and mechanical properties of dissimilar thickness dual-phase steels and discussed the effect of expulsion on peak load and indentation rate of resistance spot welding joints. In addition, the critical nugget diameter which can guarantee the pullout failure (PF) in tensile-shear test was also discussed. The specimens were grounded and polished, and then etched by a 4% nital solution for 7-10 s at room temperature. The microstructures of the welded joints were examined by scanning electron microscope (SEM, S-3400N, Japan). The nugget diameters of the welded joints were measured by optical microscope (ZEISS, Germany). The microhardness of the welded joints was measured by microhardness testing machine (MH-3) at a continuous load of 200 g for 10 seconds. The mass of the expulsion was tested by the sample weight difference before and after welded. In order to guarantee the accuracy of results, electrodes were kept cleaned and symmetry during welding.
Experimental
Tensile-shear tests were carried out at room temperature on a tensile testing machine (MIS8/0.22M, USA) at a crosshead speed of 1.7 × 10 − 2 mm s − 1 , according to GB/T2561-2008. 16) Indentation rate is defined as the indentation depth divided by the thickness of base metals, and the indentation depth is also measured by optical microscope. Figure 2 shows microstructures of the dissimilar thickness dual-phase steel DP780/DP600 spot-weld joint. Due to the low peak temperature and short time in the heat affected zone (HAZ), austenization is inadequate and grains are fine in both sides of DP780/DP600 welded joint (Figs. 2(b)-2(e)). Closer to the fusion zone (FZ), the amount of martensite increases gradually. The high peak temperature in the FZ and the extreme cooling rate inherent to RSW, the weld nugget forms the as-cast structure and consists of lath martensite and ferrite (Fig. 2(f) ). Figure 3 shows DP780/DP600 RSW joint microhardness distribution along the nugget diagonal direction, and the measurement position is shown in Fig. 2(a) . It shows that the microhardness in FZ was the highest. The FZ of RSW joint was consisted of martensite and ferrite; martensite was brittle phase with high hardness and ferrite was plastic phase with low hardness. Therefore, the microhardness distribution of FZ was fluctuant. Compared with FZ zone in the joints, The microhardness of HAZ close to the BM was lower, which is related to the softening of HAZ. Figure 4 shows the martensite of HAZ close to the BM. Martensite occurred tempering transformation in the HAZ close to the BM, and formed tempered martensite ( Table 3) , resulting in the decrease of microhardness and the softening phenom- Figure 5 illustrates three failure modes of dissimilar thickness dual-phase steel DP780/DP600 spot-welded joints have three failure modes: interfacial failure (IF), partial interfacial failure (P-IF) and pullout failure (PF). And an interesting phenomenon can be observed in this research: the failure location initiates from the stronger base metal (DP780) in the pullout mode, as shown in Fig. 6 . The reason could be explained by the hard working and strength of the base metals, the degree of softening regions in the HAZ, and the stress distribution of welded joints. Figure 7 shows the welded joints' nugget diameters of IF, P-IF and PF. As can be seen, 5 t rules don't guarantee the welds fractured with PF. For the dissimilar thickness dual-phase steel spot-weld joints, the satisfactory criterion of nugget diameter is supposed to be 5 5
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. t , which was in consistent with the investigation by Pouranvari and Marashi. They proposed a simple analytic model to predict the minimum FZ size (D C ) to ensure the pull-out failure mode: 17) where t is the sheet thickness, P is the porosity factor, f is the ratio of shear strength to tensile strength of the FZ, according to Tresca criterion, f is 0.5. H FZ and H PFL are hardness values (HV) of the fusion zone and pullout failure location, respectively. Table 4 is the predicted critical nugget diameter and 5 5 . t rule recommendation for weld nugget size in dissimilar thickness dual-phase steel DP780/DP600 welded joint. The calculated critical nugget diameter of Eq.
(1) was correspondence with the rule of 5 5
. t.
The Effect of Expulsion on Mechanical Properties of Welded Joints
A common phenomenon in RSW is expulsion, which ejects the molten metal at either the electrode/workpiece interfaces or the faying surface during welding. Figure 8(a) exhibits the expulsion at the electrode/workpiece interfaces. The amount of liquid metal ejection and the area of expulsion are small. This expulsion may affect the surface quality and decrease the electrode life; however, it has little effect on the strength of the welded joints. Figure 8(b) shows the expulsion from the faying surface. The distance of expulsion is far and expulsion particles are coarse, thus it forms the large area of expulsion on the surface. The influence of expulsion on the performance characteristics of welded Table 3 . EDS analysis results of points in Fig. 4(a joints is still controversy. Figure 9 shows metallographic sections of welds made at different expulsion levels. Increased nugget diameter and electrode indentation with higher expulsion current is apparent. Figure 10 shows the effect of expulsion on the peak load of the welded joints. Peak load doesn't decrease with the expulsion from the faying surface, and the reason is that the degree of nugget diameter increasing is larger, compared with the loss of liquid metal from the nugget when weld current is less than 11.5 kA ( Figs. 11(a) and 11(b) ). Figure 12 shows the effect of expulsion on the indentation rate of the welded joints. Compared to the welded joints without expulsion, the ones with expulsion from the faying surface have higher indentation rate. Based on the analyses above, it can be concluded that expulsion doesn't decrease peak load, but increases the indentation rate of the welded joints. Table 5 is the statistics of the expulsion of welded joints with different process parameters. A fixed welding time (18 cycles) and electrode force (4.0 kN) were used, expulsion didn't occur when the welding current was below 8.0 kA. When welding current was between 8.0 kA and 10.0 kA, expulsion occurred at the electrode/workpiece interfaces. Expulsion from the faying surface took place when welding current exceeded 10.0 kA. Expulsion is very sensitive to welding current. When the welding current was fixed at 8.0 kA, welded joints had only expulsion at the electrode/ workpiece with short welding time and small electrode force.
The Sensitivity of Expulsion
Conclusions
(1) The nugget of DP780/DP600 welded joint forms as-cast structure and consists of lath martensite and ferrite.
(2) The microhardness of HAZ close to BM was lower than the microhardness of FZ, which is related to the softening phenomenon in HAZ.
(3) The failure location was initiated from the stronger base metal (DP780) in the pullout mode, and 5 5
. t was the satisfactory criterion of nugget diameter.
(4) Expulsion at the electrode/workpiece interfaces affected the surface quality; expulsion from the faying surface doesn't decrease peak load, but increases the indentation rate of the welded joints.
(5) Compared to welding time and electrode force, expulsion was more sensitive to welding current.
